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function in the assemblyof energy transducing complexes ofmitochondria and chloroplasts.Herewe focus on the
twomitochondrialmembers of this family, Oxa1 and Cox18, reviewing studies on their biogenesis aswell as their
functions, reﬂected in the phenotypic consequences of their absence in various organisms. In yeast, cytochrome c
oxidase subunit II (Cox2) is a key substrate of these proteins. Oxa1 is required for co-translational translocation
and insertion of Cox2, while Cox18 is necessary for the export of its C-terminal domain. Genetic and biochemical
strategies have been used to investigate the functions of distinct domains of Oxa1 and to identify its partners in
protein insertion/translocation. Recent work on the related bacterial protein YidC strongly indicates that it is
capable of functioning alone as a translocase for hydrophilic domains and an insertase for TM domains. Thus, the
Oxa1andCox18probablycatalyze these reactionsdirectly ina co- and/orposttranslationalway. Invarious species,
Oxa1 appears to assist in the assembly of different substrate proteins, although it is still unclear how Oxa1
recognizes its substrates, and whether additional factors participate in this beyond its direct interaction with
mitochondrial ribosomes, demonstrated in S. cerevisiae. Oxa1 is capable of assisting posttranslational insertion
and translocation in isolated mitochondria, and Cox18 may posttranslationally translocate its only known
substrate, the Cox2 C-terminal domain, in vivo. Detailed understanding of themechanisms of action of these two
proteins must await the resolution of their structure in the membrane and the development of a true in vitro
mitochondrial translation system.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
The evolution of mitochondria as integrated eukaryotic cellular
organelles required both the development of protein import machi-
neries for the uptake of proteins synthesized in the cytoplasm, as well
as machineries for the insertion of proteins into the inner mitochon-
drial membrane from the matrix compartment [1,2]. The ﬁrst mito-
chondria presumably had the membrane insertion and translocase
systems of their alpha-proteobacterial ancestors for the insertion of
membrane proteins from the inside. Indeed, at least some extant
unicellular eukaryotes retain remnants of the bacterial SecYEG
translocase system [3]. However, in the well studied mitochondria of
fungi, animals, and plants, there is no evidence for the presence of
descendants of these bacterial translocase functions [4].
Polytopic inner-membrane proteins related to the Saccharomyces
cerevisiae protein Oxa1, the ﬁrst such protein discovered, represent
one conserved function that facilitates insertion of mitochondrial
inner-membrane proteins from the inner, matrix, side. Members of1 607 255 6249.
l rights reserved.this ancient family of proteins have been shown to have critical roles
in membrane insertion and assembly of energy-transducing com-
plexes in eukaryotic organelles (mitochondria and chloroplast) and
bacterial systems, although their precise mechanisms remain to be
elucidated. In this review, we attempt to integrate experimental
ﬁndings and information from comparative studies bearing on the
functions and physiological roles of Oxa1-related proteins in mito-
chondrial biogenesis. Previous valuable reviews focusing on these
proteins from a variety of perspectives include [5–12].
2. Amino acid sequence and evolutionary conservation of
Oxa1-related proteins
The signature feature of mitochondrial Oxa1-related proteins is
a group of ﬁve transmembrane (TM) domains that are likely to carry
out its central function(s) in membrane protein insertion (Fig. 1)
[2,11,13–16]. Spacing of the downstream four TM domains is highly
conserved [17]. As expected for proteins with multiple hydrophobic
segments, those Oxa1-related proteins that have been experimentally
studied appear embedded within the inner-membrane of mitochon-
dria by sub-fractionation and alkali treatment of mitochondria and
have their C-termini located on the internal, cis, side of the membrane
Fig. 1. Comparison of the general architectures of Oxa1-related proteins. The relative
spacing of helices number 2–4 is largely conserved. A large internal C-terminal domain
is present in mitochondrial Oxa1 and chloroplast Alb3, but absent in mitochondrial
Cox18 and bacterial YidC. E. coli YidC has an N-terminal ‘anchor’ TM domain and long
periplasmic N-terminal loop not found in the organellar proteins or related proteins
from Gram positive bacteria. See text for references.
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through protease protection experiments [13,16,17]. The hydrophilic
domains of Oxa1 adhere to the positive inside rule [22] where the
soluble N-terminus and loop between TM2 and TM3 bear net negative
charges while the C-terminus and matrix localized loops bear net
positive charges [13]. The conservation between species of this charge
distribution, despite low sequence similarity, suggests its importance
in topogenesis.
Mitochondrial inner membranes typically contain proteins from
two distinct Oxa1 subfamilies (Fig. 2). Those proteins most closely
related to S. cerevisiae Oxa1 have long (roughly 100 residues)
hydrophilic tails at their C-terminal ends. Those most closely related
to Cox18 of S. cerevisiae (termed Oxa2 in Neurospora crassa) lack long
hydrophilic C-terminal domains [17]. While the amino acid sequence
conservation between the Oxa1 and Cox18 subfamilies is weak, their
homology is clear from both their TM core structure and functional
complementation studies (described below). Divergence of the Cox18
subfamily of mitochondrial proteins from those closely resembling S.
cerevisiae Oxa1 appears to have occurred prior to the divergence of
animals, plants and fungi [17]. The Oxa1-related thylakoid membrane
chloroplast protein, Alb3, appears to have an independent origin,
presumably from Cyanobacteria [17].
The bacterial members of this family are known as YidC proteins, of
which the Escherichia coli example is by far the best studied [21,23,24].
E. coli YidC, like those of other Gram negative bacteria, has ﬁve TM
domains corresponding to those of Oxa1, and an additional anchor TM
domain near the N-terminus: the protein has a large periplasmic loop
between its ﬁrst two TM domains, and N-in, C-in topology [15,25,26].
The large periplasmic domain linking the N-terminal anchor to the
ﬁrst TM domain of the conserved core domain has been crystallized
[27–30]. This domain forms a twisted β-sandwich with an α-helical
linker which orients the sandwich near the core TM domains. A
portion of this periplasmic domain mediates an interaction with SecF
[31], although this is not essential for inner-membrane biogenesis or
cell viability [25]. Oxa1-like proteins of Gram positive bacteria (which
lack an outer membrane) lack the additional anchor TM domain and
large extra-cellular domain [21,32].
The presence of Oxa1-related proteins in several species of Archaea
is strongly suggested by genome sequencing [6,11,12]. However, these
proteins appear to lack two of the TM domains (numbered 3 and 4 in
Fig. 1) found in the mitochondrial and bacterial proteins. The function
of these proteins in Archaea has not been experimentally studied.
Nevertheless, it appears that Oxa1-related proteins may have evolved
before divergence of the three major domains of life [6,11,12].
To date, eukaryotic Oxa1-related proteins have been found in
energy-transducing organelles that contain their own genetic sys-
tems, but no where else in the cell. Interestingly, genes for these
proteins cannot be identiﬁed in the genome sequences of Giardia
lamblia or Trichonomas vaginalis. These unicellular eukaryotic para-
sites contain double-membranous organelles related to mitochondria,but lack respiratory complexes and organelle genetic systems [33].
Thus, it is plausible to speculate that Oxa1-related proteins were lost
in these lineages since theywere no longer needed to insert organelle-
encoded proteins into the inner membrane.
3. Regulation, synthesis and import of Oxa1 and Cox18 in various
organisms
Both Oxa1 and Cox18 are nuclear-encoded, synthesized on
cytoplasmic ribosomes and imported into mitochondria. Interestingly,
S. cerevisiae OXA1 belongs to a divergent transcription unit also
controlling the expression of the PET122 gene, coding a translational
activator of the mitochondrial COX3mRNA [34]. The expression of the
two nuclear genes OXA1 and COX18 clearly differs. The OXA1 mRNA is
abundant while the COX18 mRNA is difﬁcult to detect, both in yeasts
and human [20,35]. Estimates of protein abundance based on
accumulation of GFP fusion proteins are 6550 and 468 molecules
per cell for Oxa1 and Cox18, respectively [36]. The synthetic
respiratory haplo-insufﬁciency of COX18/cox18 heterozygotes produ-
cing a Cox2 fusion protein inside mitochondria [16] probably reﬂects
the low level of COX18 expression.
Northern blot analysis has shown that the human gene for Oxa1,
OXA1L, exhibits tissue speciﬁc expression [35]. However, the expres-
sion of yeast OXA1 is not altered by either the carbon source or by
respiratory deﬁciency [37,38]. In Schizosaccharomyces pombe the two
COX18 mRNAs are differentially expressed depending on the carbon
source [35].
The 3′-UTRs of OXA1 and COX18 mRNAs of S. cerevisiae contain
binding sites for Puf3, an RNA binding protein located at the cytosolic
face of the mitochondrial outer membrane that regulates mitochon-
drial biogenesis [39,40]. The two mRNAs are clearly enriched in
mitochondrion-bound polysomes suggesting that in vivo their import
could be co-translational [41,42]. In vitro import experiments with
isolated S. cerevisiae mitochondria and radio-labeled precursors
indicate that the import of these two proteins requires the TOM/TIM
import machinery, the membrane potential, the import motor
mtHsp70, and matrix ATP [2]. This process converts the precursors
to mature forms after cleavage of a long presequence, 42 aa in the case
of S. cerevisiae Oxa1, by the mitochondrial processing peptidase
[13,17,19,43,44]. Interestingly, after mature Oxa1 and Cox18 become
located in the matrix following import into mitochondria isolated
from an Δoxa1 strain or a thermosensitive mutant (oxa1-ts1402),
they cannot be inserted normally into the inner-membrane [17,45].
This lack of insertion could be due either to a direct role for Oxa1 in
its own insertion (and that of Cox18p), or to the diminished mem-
brane potential of the mutant mitochondria. In any event, a Δoxa1
mutant strain can be restored to respiratory proﬁciency by the
introduction of a plasmid carrying the OXA1 gene, showing that at
least some Oxa1 can be inserted into an inner-membrane previously
devoid of Oxa1.
Oxa1 appears to form a homotetrameric complex as judged by
blue-native PAGE and superose size exclusion chromatography
[44,46,47]. Similarly, Cox18 migrates as a high molecular complex of
unknown composition, but distinct from the Oxa1 complex [17].
Mutant forms of Oxa1 are highly sensitive to degradation by m-AAA
proteases and the metallopeptidase Oma1 in S. cerevisiae [48].
4. Consequences of Oxa1 deﬁciency in various organisms
The OXA1 gene was ﬁrst isolated from S. cerevisiae by functional
complementation of a respiratory deﬁcient nonsense mutant in the
W106 codon (oxa1-79, Kermorgant and Dujardin unpublished, [37])
and a L240S missense mutation in the loop between TM2 and TM3
(Fig. 3) (oxa1-ts1402, [49]). The oxa1-79 strain lacked spectrally
detectable cytochrome aa3 and showed reduced splicing of both the
COX1 and CYTb precursor transcripts. Removal of all mitochondrial
Fig. 2. Evolutionary relationships among eukaryotic Oxa1-related proteins. This ﬁgure
is adapted from the analysis of [17] to illustrate the apparent early divergence of
Oxa1 and Cox18 subfamilies in the eukaryotic lineage. It is important to note that
similarities among closely related proteins within subfamilies are more complex than
shown here: the Oxa1 and Cox18 proteins of Schizosaccharomyces pombe are more
closely similar to those of most animals than other fungi, while the Oxa1 and Cox18
proteins of Caenorhabditis elegans are more closely similar to those of most fungi than
other animals [17]. Chloroplast Alb3 and the mitochondrial proteins presumably
entered eukaryotic lineages separately from different bacterial ancestors.
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splicing deﬁciency is a secondary phenotype [37]. Since all mito-
chondrially-encoded proteins could be radio-labeled in the mutant,
albeit with reduced efﬁciently for Cox1, Cox2 and Atp6 [50], the defect
leading to respiratory deﬁciency appeared to be post-translational
[37,49]. Furthermore, processing of the N-terminal leader peptide of
the Cox2 precursor was defective in oxa1 mutant strains [37,49]. As
discussed below, failure to process pre-Cox2 is caused by failure to
translocate the N-terminal domain of this mitochondrially synthe-
sized protein to the intermembrane space, IMS.
Consistent with the spectral deﬁciency and lack of pre-Cox2
processing, cytochrome c oxidase activity was abolished in Δoxa1
cells and complex IV assembly was defective as judged by blue native
PAGE experiments. In addition, complex V was barely detectable in
BN-PAGE and ATP synthase activity was strongly decreased [51,52]. In
contrast, complex III was reduced to a lesser extent [51]. Consistent
with these assembly defects, the steady-state levels of several
subunits of respiratory complexes IV and V were dramatically
reduced [19,50,52] (Table 1). However, Atp9 was reduced to a lesser
extent than the other F0 subunits [50,52], probably due to assembly
of the Atp9 oligomer into an F1-Atp9 subcomplex that stabilizes it
[53].
In S. pombe two related genes, oxa1Sp1 and oxa1Sp2 have Oxa1-
like functions as shown by their ability to complement an S. cerevisiae
oxa1mutant. Onlymutations in oxa1Sp2 cause a respiratory deﬁciency
in S. pombe, spectral defects in cytochromes aa3, b and c1, and
strongly decreased activity of cytochrome c oxidase and ATPase [38].
Deletion of oxa1Sp1 causes only a slight diminution of activity of these
complexes. However, over-expression of oxa1Sp1 can compensate for
the absence of oxa1Sp2 in S. pombe. Interestingly, inactivation of both
genes is lethal in this petite-negative yeast [38].
Oxa1 function is essential in respiratory-obligate fungi such as
N. crassa and Podospora anserina, where only a single gene is found in
the genomes [46,54]. Strong depletion of N. crassa Oxa1 severely
compromises growth and destabilizes the Cox2, Cox3 complex IV
subunits as well as the 29.9 and 24 kDa subunits of complex I,
providing evidence of a function of Oxa1 in complex I biogenesis [46].
However complex V has not been analyzed in this strain. A role of
Oxa1 in complex I biogenesis has also been conﬁrmed by studying a P.
anserina thermosensitive mutant. In this case normal levels of
complex V but decreased levels of complexes I and IV were observed,
as well as a lowered production of superoxide radicals associated withan increased lifespan [54]. Finally, silencing of the human OXA1L gene
in HEK293 cells by short hairpin RNAs resulted in a pronounced
decrease in subunit steady-state levels and activity of complex V, and
a more modest defect in accumulation of subunits and activity of
complex I. Surprisingly, neither complex III nor IV were signiﬁcantly
affected in these Oxa1 deﬁcient human cells [47]. Taken together, the
data on pleiotropic effects of depletion or absence of Oxa1 family
members in a variety of species suggests biochemical functions for
Oxa1 in assembly of integral membrane components of respiratory
chain subunits. However the precise physiological roles appear to
vary, depending on the organism (Table 1).
5. Analysis of Oxa1 functions in S. cerevisiae mitochondria
The mechanisms by which Oxa1 contributes to assembly of the
respiratory chain have been explored by analysis of phenotypes
caused by mutations affecting the protein's distinct domains, iden-
tiﬁcation of suppressors that compensate for defective Oxa1 function,
as well as by biochemical studies of the wild-type protein in isolated
mitochondria. Biochemical details of Oxa1 function have been difﬁcult
to obtain, at least partially owing the lack of any true in vitro system
for translation of mitochondrially coded mRNAs on mitochondrial
ribosomes. While precise mechanisms have yet to be worked out, it
appears clear that wild-type Oxa1 has several distinct activities that
contribute to insertion of mitochondrially coded membrane proteins
and normal respiratory function.
5.1. Mutagenesis of different Oxa1 domains
Various types of mutations have been introduced into the three
Oxa1 domains, i.e. the IMS N-terminus and loop 2, the matrix loop 1
and C-terminus, or the TM domains (Fig. 3). The phenotypic
consequences of these changes on membrane insertion and assembly
of subunits within the respiratory complexes have been analyzed to
examine how the structure relates to the function (Table 2).
Several substitutions and deletions in the IMS or TM domains
appear to be deleterious since in all cases tested they induce either a
stringent or thermosensitive respiratory deﬁcient growth. They
generally lead to pleiotropic effects on the three complexes except
for the WW128AA mutation, which does not affect complex V [55].
The processing of Cox2 is impaired to some extent by all mutations
causing a respiratory phenotype, including thermosensitive mutants
grown at permissive temperature [19,55]. A reduction of the steady-
state level of mutated Oxa1 is often observed, which is probably
due to the sensitivity of Oxa1 to proteases [48,55]. In the case of
the oxa1-ts1402 mutation, the level of residual Oxa1 appears to
determine the residual activity [48]. However, looking at a larger
collection of mutations, there appears to be no direct correlation
between the reduced levels of mutant Oxa1 and the respiratory
phenotypes [55].
The effects of mutations located in the matrix domains are
complex. Three mutants deleting various portions of the C-terminal
part of Oxa1 (Fig. 3), and also modifying the mRNA 3′ UTR, were
shown to exhibit a verymild (Δ83) to severe respiratory deﬁciency (1–
317, Δ55) [56,57]. These effects could be mediated by alteration of the
protein, or the Puf3 binding site in the mRNA, or both. Premature stop
codons (⁎) introduced at positions K332, K353 and K376, followed by
internal deletions that left intact the 3′-UTR and including the Puf3
binding site, had no major effect on the respiratory function as single
mutations. However, a double mutant protein with both the C-
terminal truncation K332⁎ and the deletion of loop 1 (ΔL1), which
alone caused no phenotype, failed to support respiratory growth and
caused a 10 fold reduction in complex IV activity as well as reduced
activities of complexes III and V [55]. This result suggests the
possibility of interacting and redundant functions for these matrix
domains.
Fig. 3. Mutations affecting S. cerevisiae Oxa1. Phenotypes caused by these mutations are summarized in Table 2.
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proteins
Chemical crosslinking of mitochondrial translation products
labeled in isolated organelles followed by immunoprecipitation with
anti-Oxa1 antibody has shown that Oxa1 interacts with nascent
polypeptide chains synthesized in mitochondria. Indeed, the pre-
cursor form of Cox2 was selectively and transiently associated with
Oxa1, indicating an early co-translational interaction prior to pre-Cox2Table 1
Effects of Oxa1 or Cox18 absence or depletion in several organisms
Respiratory complexesa Effects on subunits References
I II III IV V
Lack or depletion of Oxa1:
S. cerevisiae na nd ➘ ≈0 ➘➘ ➘: Cox4, Cox6, F1-α, F1-β,
F1-γ, F1-δ, OSCP, F0-c
(Atp1, 2, 3, 16, 5, 9)
[19,37,49,50,52]
➘➘: Cytb, FeS, Cox3,
Cox5, F0-a, F0-b, F0-f
(Atp6, 4, 17)
≈0: Cox1 Cox2 Cox6a
Solubility ➚: Cox4, Cox6
Trypsin sensitive:
Cox2, Cox4
Unprocessed: Cox2
S. pombeb na nd ➘ ➘➘ ➘➘ [38]
N. crassac ➘➘ nd nd ➘➘ nd ➘: NDUFS3 NDUFV2
(30 and 24 kDa)
[46]
➘➘: Cox2, Cox3
P. anserinad ➘➘ + nd ➘ + [54]
H. sapiense ➘ + + ➚ ➘➘ ➚: Cox1, Cox2 [47]
➘: NDUFA9, NDUFB6
➘➘: F1-α, F1-β, OSCP, F0-d
Lack of Cox18:
K. lactis na nd + ≈0 nd [102]
S. cerevisiae na nd ≈+ ≈0 + ≈0: Cox2 [20,103]
➘: Synthesis: Cox1
S. pombe na nd + ≈0 + ≈0: Cox2 [35]
N. crassa nd nd + ➘➘ nd [17]
aThe effects on respiratory complexes have been assessed by spectral, BN-PAGE, activity
or growth analyses. Since Oxa1 function is essential in several organisms, the effect of
the deletion has been tested by: bdeletion of oxa1Sp2 only; cheterokaryon analysis;
dthermosensitive mutant analysis; esh-RNA silencing; na: not applicable; nd: not
determined. Unless otherwise indicated, arrows refer to activities for the complexes or
steady-state level for the subunits, when experimentally tested: ➚: minor increase (less
than 50%); ➘: minor decrease (less than 50%); ➘➘: major decrease (more than 50%); ≈0:
undetectable. NDUFA9 and NDUFV2 are subunits from the peripheral arm of complex I
whereas NDUFA9 and NDUFB6 are subunits from the proximal and distal parts of the
membrane arm of complex I respectively.N-tail export [45]. The inner-membrane potential is not needed for
this initial association of Oxa1 with the nascent chains [58].
Actively translating ribosomes are largely found at the inner
surface of the mitochondrial inner membrane [59], suggesting that
ribosomes could be directly involved in establishing Oxa1p-nascent
chain interactions. Consistent with this idea, peptide chains stalled on
the ribosomes by chloramphenicol treatment remained associated
with Oxa1 after elongation arrest, while treatment with puromycin to
cause premature release of the nascent chains resulted in signiﬁcantly
reduced association of Oxa1with the nascent chains [58]. Several lines
of evidence indicate that Oxa1 physically interacts with the ribosome
(Fig. 4): ﬁrst Oxa1 co-fractionates with mitochondrial ribosomes on
low-salt sucrose gradients, but only if its C-tail domain is present
[56,57]. Second, the C-terminal domain of Oxa1, which forms a coil
structure, binds to mitochondrial ribosomes in vitro [56]. Third, Oxa1
can be crosslinked to Mrp20, which is homologous to bacterial L23, a
large ribosomal subunit protein located next to the exit channel of
bacterial ribosomes [57].
As noted above, different deletions in the C-tail of Oxa1 show
intermediate phenotypes, ranging from partial to more stringent
impairment of growth on non-fermentable carbon sources (Table 2)
and defects in cytochrome c oxidase assembly, but do not prevent
assembly of complex V [56,57]. Whereas the C-tail appears to be
dispensable in N. crassa [46], attachment of the Oxa1 C-tail domain to
bacterial YidC is required to allow YidC to partially complement theTable 2
List and phenotypes of S. cerevisiae oxa1 mutants
Mutants Non-fermentable
growth
References
Δoxa1 – [49,122]
Location
IMS N-ter oxa1-79 (W106stop) – [122]
N-ter/loop2 F229S–E65G ts [90]
Loop2 ts1402 (L240S) ts [49]
Δloop2 (Δ220–244) – [55]
TM 1 WW128AA ts
4–5 ΔTM4–5 (Δ276–314) – [55]
Matrix Loop1 Δloop1 (Δ155–197) + + [55]
R140E partly cs
C-tail K376⁎ (1–375) + [55]
K353⁎ (1–352) +
K332⁎ (1–331) partly ts, partly cs
1–317 – [56]
Δ55 (1–347) partly ts [57]
Δ83 (1–319) ts
C-tail and Loop1 ΔL1-K332⁎ – [55]
ts: thermosensitive at 36 or 37 °C; cs: cryosensitive at 16 °C.
Fig. 4. Summary of S. cerevisiaemitochondrial proteins that play roles in topogenesis of Cox2 in associationwith Oxa1 and Cox18. Overproduction of Rmd9 or Oms1 suppresses partially
functional alleles of Oxa1.Mba1mayassist in establishing productive interaction betweenOxa1 and nascent Cox2, and/or the ribosome. Cleavage of the pre-Cox2 leader peptide by Imp1 in
the IMS is required for full assembly of Cox2 and provides an assay for N-tail export by Oxa1. Mss2 and Pnt1 interact with Cox18. Like Cox18, Mss2 is required for Cox2 C-tail export and
interacts with newly synthesized Cox2. Purple dots in the fully translocated form of Cox2 indicate copper ions in the C-tail. See text for further discussion and references.
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simultaneous absence of the C-tail and of loop 1 on the matrix side
leads to a complete respiratory defect [55]. This large hydrophilic loop
1 constitutes the second part of the Oxa1 matrix domain, and it may
well contribute to Oxa1p-ribosome interactions, although to date
there is no direct evidence bearing on this question. It is interesting to
note that the chloroplast homologue of Oxa1, Alb3, appears to work in
close cooperation and physical association with the chloroplast SRP
[5,61]. While Alb3 has large hydrophilic C-tail and loop 1 domains
in the matrix, there is no evidence that it interacts directly with
ribosomes.
A possible alternative pathway for productive association of
ribosomes with Oxa1 translocation functions may be provided by
the nuclearly encoded protein Mba1 [62]. Mba1 has been shown to
interact with nascent chains and to bind with the large subunit of the
ribosome (Fig. 4, [63]). Whereas the absence of Mba1 alone causes
almost no phenotype, the absence of Mba1 in strains lacking the Oxa1
C-tail domain causes a dramatic growth defect on non-fermentable
medium. In this double mutant, mitochondrial translation products
fail to insert and are found in association with the matrix chaperone
Hsp70. Thus, the two proteins may cooperate to position the ribosome
exit site for efﬁcient insertion of the nascent chains, although no stable
interaction between them has been detected [63]. Interestingly, when
Oxa1 or Mba1 are overproduced, they both weakly suppress the
respiratory deﬁciency caused by absence of the m-AAA-protease
subunit, Afg3 [64]. Afg3 in turn is required for the maturation of the
mitochondrial ribosomal large subunit protein MrpL32 [65]. Thus the
basis of the suppression could be to reinforce the efﬁciency of co-
translational import from an otherwise impaired ribosome.
Finally, Mdm38 has been suggested to play a role similar to that of
Oxa1 and Mba1 in coupling mitochondrial translation to membrane
insertion [66]. However, the depletion of Mdm38 causes a loss of
mitochondrial inner membrane K+/H+ exchange activity and asso-
ciated osmotic swelling and mitophagy. This cation exchange defect
appears to be a primary phenotype caused by the depletion of Mdm38
[67]. Thus the function of this factor in mitochondrial co-translational
insertion remains to be established.
5.3. Oxa1 and export of hydrophilic domains of Cox2p
The most intensively studied substrate of both Oxa1 and Cox18 is
mitochondrially coded Cox2, since both proteins are absolutely
required for normal insertion of Cox2 in the inner membrane and
export of its hydrophilic domains to the IMS. The structure of Cox2 is
ﬁrmly established by the crystal structure of bovine cytochrome c
oxidase [68]: it has two TM segments with two hydrophilic tails in anN-out and C-out topology (Fig. 4). The C-terminal domain is 144
residues long and contains copper binding sequences essential for
catalytic activity. In S. cerevisiae and N. crassa, the N-terminal tail is
preceded by a leader peptide that is cleaved in the IMS by Imp1 (Fig. 4,
[69–71]. This processing event provides an easy assay for the export of
the N-tail across the inner membrane.
Cox2 N-tail export is independent of the inner-membrane
potential during normal translation within the organelle [72].
However, N-tail export depends upon membrane potential when
post-translational export of an in vitro translated precursor that was
previously imported into the matrix is examined in isolated
mitochondria [73,74]. Taken together, these ﬁndings suggest that
membrane bound translation may have a role in driving translocation
across the inner-membrane. The export of the large Cox2 C-tail
domain was shown to be strictly dependent on the inner-membrane
potential [72,74] and may be exported post-translationally [75].
In the absence of Oxa1, the pre-Cox2 leader peptide is not
translocated to the IMS and therefore not proteolytically processed
[19,49,50,52,72]. The role of Oxa1 in the export of the two hydrophilic
tails was studied in vivo by constructing chimeric mitochondrial
genes expressing either the Cox2 N-tail with the ﬁrst TM (67aa) or the
full-length Cox2 (251aa) both fused to a mitochondrially-encoded
version of Arg8 (Arg8m) as a hydrophilic passenger protein [72]. While
the N-tail of the fusion containing only the ﬁrst TM domain was
efﬁciently exported, the Arg8m moiety remained in the matrix,
demonstrating that translocation of the entire protein was not sig-
nalled by the leader peptide. Export of the N-tail of this short fusion
protein was impaired in absence of Oxa1. Similar results were
obtained with the HA-tagged version of Cox2 [75]. Similar experi-
ments with the full-length Cox2 fused to Arg8m showed that the C-tail
export process could translocate the passenger protein, and that this
reaction was also dependent upon Oxa1.
In vitro experiments have conﬁrmed the inhibition of the export of
in organello-translated Cox2 in mitochondria puriﬁed from the
thermosensitive oxa1-ts1402 mutant and exposed to non-permissive
temperature: the leader peptide is not processed and pre-Cox2 is
protected from protease treatment of mitoplasts [13]. Moreover,
chimeric proteins containing the presequence of N. crassa Atp9 fused
to the ﬁrst TM of Cox2 or Atp9 followed by the mouse cytosolic
dihydrofolate reductase (DHFR) both require Oxa1 for in vitro export
of their N-tails following in vitro import [45]. Interestingly, Oxa1 is
crosslinked with these Cox2 chimeric proteins after their import into
wild-type mitochondria, showing a physical interaction.
The effect observed on Cox2 C-tail export in the oxa1 mutants
could reﬂect a direct role for Oxa1, or a dependence of C-tail export on
prior Oxa1p-dependent N-tail export. Alternatively, the C-tail export
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Oxa1 deﬁciency on the respiratory chain that diminish the inner-
membrane potential, although C-tail export is not affected in other
mutants lacking a respiratory chain. As discussed below, export of the
large C-tail domain depends upon Cox18 and other factors that are not
required for N-tail export [16,76,77], as well as signals contained in the
C-tail itself [75].
5.4. Oxa1 may facilitate the membrane insertion of negatively charged
protein sequences
The absence of yeast Oxa1 leads to a tight non-respiratory growth
phenotype by preventing Cox2 membrane insertion and reducing the
co-translational insertion of several subunits of the two other
respiratory complexes of dual genetic origin (see above). Unexpect-
edly, single amino acid substitutions in the TM domains of two
subunits of complex III, Qcr9 and Cyt1, can partially suppress a
complete oxa1 deletion in S. cerevisiae [78,79]. ATP synthase assembly
and activity is fully restored, and 25% of wild-type cytochrome c
oxidase activity is recovered in the suppressed oxa1 deletion mutants.
The membrane insertion of hydrophobic subunits of complex IV and V
is restored (e.g. Cox2, Atp4) and maturation of Cox2 is improved
demonstrating that the N-tail is correctly inserted. Although Cyt1 is an
essential complex III subunit, its catalytic domain is not required for
compensation of the Oxa1 deﬁciency. The small Qcr9 subunit (65 aa)
is not required for catalysis, but appears to stabilize complex III,
particularly at elevated temperatures [80,81]. These QCR9 and CYT1
mutations are the only mutations ever reported to bypass the com-
plete absence of Oxa1.
The compensatory mutations generally replace uncharged amino
acids with basic ones: leucine to lysine or leucine to arginine in the
Cyt1 TM; glycine to arginine in the Qcr9 TM. Since the respiratory
complexes are organized into super complexes, such as complexes
(III)2IV and (III)2(IV)2 [82,83], it seems possible that the mutated TM
domains of complex III subunits might interact with assembling
subunits of the partner complex IV and facilitate their insertion/
translocation in absence of Oxa1. Several TM domains of respiratory
complex subunits contain negatively charged residues that should
make their insertion into the bilayer of the membrane more difﬁcult.
This is the case for the second TM domain of Atp9, which contains a
highly conserved glutamate residue essential for proton transport in
E. coli [84].
Based on these observations, it was proposed that Oxa1 could
interact with negatively charged TMdomains to facilitate their insertion
and lateral exit to the lipid bilayer [79]. It was also proposed that Oxa1 is
most important for translocation of negatively charged hydrophilic
domains such as the N-tail of pre-Cox2 [85]. Consistent with this idea,
in vitro experiments examining the re-export of chimeric proteins
imported into the matrix indicate that changing the net charge of the
N-terminal part of Atp9 from −1 to +1 decreases the efﬁciency of export
substantially, but also renders it independent of Oxa1 [85].
6. Compensatory mechanisms that enhance reduced Oxa1 activity
Selection for improved respiratory growth of yeast mutants
bearing partially functional oxa1 mutations has led to the isolation
of a suppressor mutation in a substrate protein (cox2-A189P), as well as
wild-type genes (OMS1, RMD9, HAP4) that suppress when over-
expressed. The compensatory mechanisms appear to fall into two
categories. One group probably acts in the inner membrane at the
level of respiratory complex assembly: the main Oxa1 substrate Cox2,
and the methyl transferase Oms1. In addition, deletion of the gene
YME1, encoding a protease in the inner membrane, restores ATP
synthase levels to wild-type although it does not allow respiratory
growth. The other group of suppressor genes, HAP4 and RMD9,
appears to act more indirectly, at the level of mitochondrial andnuclear gene expression, improving the function of partially func-
tional Oxa1 variants by increasing the level of substrates and/or
interacting proteins.
One fascinating suppressor of the oxa1-L240S (ts1402) mutation
was found in the mitochondrial gene encoding the major Oxa1
substrate, Cox2 [86]. This mutation modiﬁes the conserved Ala189 of
Cox2 into proline and restores the growth of the oxa1-ts1402mutant
on non-fermentable carbon sources at the restrictive temperature.
Surprisingly, processing of the leader peptide on the N-tail of Cox2
was not observed during pulse labelling, although it is possible that
some mature Cox2 accumulated at a steady-state. Although the
mechanism of suppression is unclear, it is likely to involve a direct
interaction between the variant forms of Cox2 and Oxa1 that
increases stability of themutant Oxa1. Interestingly, the Cox2 residue
altered by A189P and the Oxa1 residue altered by L240S are both in
domains located in the IMS, consistent with a direct interaction.
Unfortunately, this interesting genetic interaction has not been
studied further.
Another partner of Oxa1 revealed by suppression is Oms1, a
mitochondrial membranemethyltransferase-like protein, whose over-
production partially compensates for oxa1mutations located in any of
the three domains [55]. OMS1 over-expression appears to increase the
steady-state level of bothmutant andwild-typeOxa1, and this appears
to be the basis for suppression. On the other hand, the absence of Oms1
decreases respiratory growth of a temperature-sensitive oxa1mutant.
Oms1 has a single TM domain and exhibits N-in, C-out topology
(Fig. 4). The conservedmethyltransferasemotif is in the C-terminal IMS
domain. A point mutation in this motif abolishes the suppression,
suggesting that the methyltransferase activity is required for the
suppression. Thus, it was proposed thatOms1mightmethylate either a
basic amino acid of the IMS domain of Oxa1 or phospholipids of the
external face of the inner-membrane, thereby increasing the stability
of mutant Oxa1, thereby increasing the overall Oxa1 activity.
Yme1 is an inner-membrane protease with a catalytic domain in
the IMS, and is known to degrade unassembled Cox2 [87–89].
However, inactivation of the YME1 gene in the Δoxa1 mutant neither
restores growth on non-fermentable carbon sources nor increases the
steady-state levels of cytochrome c oxidase subunits. The yme1
deletion does fully restore oligomycin-sensitive ATPase activity in a
Δoxa1 strain, and stabilizes the ATP synthase membrane subunits
that are rapidly degraded in a YME1, Δoxa1 mutant [50]. Apparently,
decreased degradation of the unassembled ATP synthase subunits
allows their accumulation in the absence of Oxa1, and subsequent
Oxa1p-independent assembly. Thus, this result suggests that Oxa1 is
not absolutely required to insert ATP synthase subunits into the inner
membrane although Oxa1 interacts post-translationally and stably
with Atp9 to promote its assembly with Atp6 [52].
Rmd9 is a peripheral inner-membrane protein that faces the
mitochondrial matrix (Fig. 4), which controls the processing/stability
of all the mitochondrially coded mRNAs specifying respiratory
complex subunits [90]. A small fraction of Rmd9 is associated with
the mitochondrial ribosome [91], and it has been proposed, based on
genetic interactions, that Rmd9 might convey mitochondrially-
encoded mRNAs to speciﬁc sites for the co-translational insertion of
respiratory subunits. Over-expression of RMD9 both increases the
steady-state levels of mitochondrially coded mRNAs, and suppresses a
double missense oxa1 mutation that alters the IMS domains of Oxa1
[90]. Interestingly, the ΔL1-K332⁎ mutation is not suppressed,
suggesting that Oxa1 matrix domain is required for the suppression.
These data suggest that overproduction of Rmd9 could compensate
for reduced membrane insertion of mitochondrial translation pro-
ducts by increasing their rate of synthesis. A similar mechanism could
also explain the genetic interaction observed between oxa1 and rmp1
mutants in P. anserina [54]. Rmp1 has been proposed to be related to
yeast Sls1 [92,93] which is known to coordinate transcription and
translation in S. cerevisiae mitochondria [94].
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Hap4 suppresses the ΔL1-K332⁎mutation, which removes much of the
matrix domain of Oxa1, and clearly represents compensation by an
indirect mechanism [95]. The yeast Hap2/3/4/5 protein complex, and
its human orthologue NF-Y, control the transcription of many nuclear
genes encoding mitochondrial proteins [96–99]. Apparently,
increased expression of many such nuclear genes compensates for
the deﬁciency of co-translational insertion of mitochondrially coded
proteins caused by the oxa1mutation. This compensatory effect is not
speciﬁc for oxa1 since HAP4 over-expression also partially compen-
sates for the incomplete respiratory defect due to mutations in the
complex IV assembly factor Shy1/Surf1 in both yeast and human
ﬁbroblasts [100].
7. Consequences of Cox18 deﬁciency and analysis of Cox18 function
in S. cerevisiae
The COX18 gene was originally identiﬁed in a collection of S.
cerevisiae nuclear mutations that speciﬁcally eliminate cytochrome
oxidase activity [101], and later shown to prevent a post-translational
step in assembly [20]. A homologous gene required for cytochrome
oxidase activity was also identiﬁed in Kluyveromyces lactis [102]. In
addition sequence homologs were subsequently identiﬁed in N. crassa
and S. pombe and inactivated [17,35].
Mutations in cox18 of S. cerevisiae and related genes in other
organisms (also called Oxa2 in N. crassa) affect mainly, if not only,
complex IV (a possible effect on complex I has not been investigated in
N. crassa). Deletion of COX18 leads to a complete lack of cytochrome
aa3 in K. lactis, S. cerevisiae and S. pombe [20,35,102] (Table 1). The
steady-state level of Cox2 is dramatically reduced in cox18 mutants
[16], but S35 labeling ofmitochondrial proteins shows that this subunit,
as well as the other mitochondrial proteins, are still produced, and
normal levels of the correspondingRNAarepresent [20,35]. This points
towards a severe instability of Cox2 in the absence of Cox18, clearly
demonstrated by pulse-chase experiments [103]. Nevertheless, the S.
cerevisiae Cox2 precursor is proteolytically processed in the absence of
Cox18 [16,17,20], indicating that early steps in Cox2 membrane
insertion are Cox18p-independent. The absence of N. crassa Cox18
(Oxa2) causes a partial decrease of cytochrome aa3 and a substantial
induction of the alternative oxidase, indicative of a defective electron
ﬂow through the respiratory chain in the mutant [17].
Thus, despite the sequence similarity between Oxa1 and Cox18 and
their role both at post-translational steps in the assembly of
cytochrome c oxidase, striking differences are observed. First, in
contrast to Oxa1, Cox18 does not play a role in assembly of other
respiratory complexes. Second, Cox18/Oxa2 from N. crassa interacts
with Cox2 and also Cox3 in a long-lived manner compared to the
transient interaction of Oxa1 with translation products [17]. Third, the
function of both proteins in Cox2 biogenesis clearly differ insofar as
the pre-Cox2 precursor is not processed in oxa1 mutants but is
processed in cox18 mutants. These distinct roles in Cox2 topogenesis
are underscored by the fact that over-expression of Oxa1 cannot
compensate for the lack of Cox18 [16].
The role of Cox18 in translocation was revealed by the isolation of
various point mutations in cox18 in a screen for mutants that failed to
export the acidic Cox2 C-terminal domain from the matrix to the IMS
[16]. This screen also yielded mutations in the genes MSS2 [77] and
PNT1 [76]. Examination of Cox2 modiﬁed with an HA epitope at its
C-terminus revealed that processing of the pre-Cox2 leader peptide in
the IMS did not require Cox18, but export of the HA epitope did. The
mss2 mutations similarly prevented C-tail export of wild-type Cox2
without blocking N-tail export, whereas the pnt1 mutations only
reduced cytochrome oxidase activity to 58% of wild-type, and thus
did not eliminate C-tail export of wild-type Cox2. Contrary to its
S. cerevisiae ortholog, the K. lactis Pnt1 is required for cytochrome
oxidase assembly in that yeast [76].Mss2 is peripherally associated with the inner surface of the inner
membrane and has a tetratricopeptide motif similar that of the import
receptor Tom70 [77]. Closely homologous proteins have not been
found outside of budding yeasts. Pnt1 is an integral membrane protein
with N- and C-terminal hydrophilic domains exposed in the matrix
[76]. Over-expression of PNT1 confers resistance to pentamidine,
while deletion increases sensitivity, suggesting that Pnt1 may have
other functions in addition to protein translocation [104]. Closely
homologous proteins have not been found outside ascomycete fungi.
Both Mss2 and Pnt1 appear to function together with Cox18 since
they co-immune precipitate with each other, and their genes exhibit
allele-speciﬁc genetic interactions [16] (see Fig. 4). These proteins
appear to have direct roles in membrane insertion since both Cox18
and Mss2 [75] as well as Cox18/Oxa2 from N. crassa expressed in yeast
cells [17]) co-immune precipitate with newly synthesized unas-
sembled Cox2. Interestingly, the Cox2 species associating with these
proteins is full-sized and N-terminally processed. Since Mss2 is
located on the inner surface of the inner membrane, this observation
strongly suggests that translation of the Cox2 C-terminal domain is
completed in the matrix prior to its export to the IMS [75].
The requirements for Cox2 translocation were examined more
closely by studying the behavior of truncated proteins bearing the HA
epitope tag on their C-termini, encoded by modiﬁed mitochondrial
genes [75]. One such variant protein, Cox2(1–109)-HA, bearing
the Cox2 N-tail and both TM domains, but lacking the large hydro-
philic C-tail domain, failed to associate with Mss2, consistent with the
idea that Mss2 binds to the C-tail of wild-type Cox2. The N-tail of this
variant protein was efﬁciently translocated to the IMS during in vivo
pulse labeling in an Oxa1-dependent, Cox18-independent, fashion.
Protease protection experiments with unlabeled mitochondria and
mitoplasts showed that the C-terminus of Cox2(1–109)-HA accumu-
lated on the IMS side the membrane, in an Oxa1-dependent fashion.
Thus, Oxa1 is required for the insertion of the two TM domains,
and translocation of the HA epitope, in the absence of the hydrophilic
C-tail domain. The N- and C-termini of Cox2(1–109)-HA were efﬁ-
ciently, but not fully, translocated to the IMS in cox18 and mss2
deletion mutants. Thus, neither Cox18 nor Mss2 is required for
insertion of the Cox2 TM domains. However, the absence of Cox18 or
Mss2 did reduce the efﬁciency of TM domain insertion, since low
levels of Cox2(1–109)-HAwith N- and C-termini on the matrix side of
the inner membrane were detectable at a steady-state in the mutants.
It remains to be determined whether this indicates a minor direct role
for Cox18 and Mss2, or an indirect effect on Oxa1 efﬁciency caused by
their absence.
A second truncated variant of Cox2, lacking the 40 C-terminal
residues of the 144 residue acidic C-tail domain, accumulated with
its N-terminus exported to the IMS but its C-terminus in the matrix
[75]. This conﬁrms that the C-tail is not exported co-translationally
after engagement with a translocase, and that acidity alone is not
sufﬁcient to signal its export. Instead, it appears that structural
features of the C-tail, or a sequence signal that includes residues
among the last 40 must be recognized. Interestingly, despite the
failure to translocate, this truncated form of Cox2 did associate with
Mss2 on the matrix side of the membrane. Thus, Mss2 association
alone is insufﬁcient to direct export of the C-tail domain. Elimination
of copper binding residues in the Cox2 C-tail domain did not prevent
its export, showing that it need not reach its ﬁnal folded structure to
be recognized for translocation. The nature of the signal(s) required
for C-tail export, presumably by direct engagement of Cox18, remain
to be determined.
8. Functions of the Oxa1-related protein YidC in Escherichia coli
It is not often that discoveries made in the biology of yeast mito-
chondria lead to the discovery of evolutionarily conserved functions in
bacteria. However, the recognition of the important role(s) of yeast
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domains spurred great interest in the function of an E. coli open read-
ing frame encoding the homologous protein termed YidC, beginning
with a study of its membrane topology [15]. Since bacterial systems
are more amenable to mechanistic analysis using both genetic and in
vitro approaches, we have much more detailed information on the
mechanism(s) of the bacterial protein than its mitochondrial homo-
logues. These studies have been reviewed in detail [21,23,24].
Depending on the substrate protein upon which it is acting, YidC
functions together with the SRP and SecYEG translocase [105,106],
with the SRP but not SecYEG [107], or independently of other
secretory apparatus components [108,109]. It seems likely that most
YidC molecules function independently of the Sec translocase since
YidC is present in E. coli cells at substantially higher levels than
SecYEG (and is predominantly located at the poles of growing cells)
[26]. Furthermore, YidC can exhibit folding activity independently of a
role in membrane insertion [110]. All known substrates of E. coli YidC
are integral proteins of the inner membrane. Regardless of how the
substrate proteins reach it, YidC appears to promote folding and
insertion of transmembrane domains in the bilayer.
Since mitochondria typically lack SecYEG and SRP, the indepen-
dent activity of YidC is likely to be most revealing for understanding
Oxa1 and Cox18. Sec-independent activity of YidC has been studied
in the greatest detail using the coat protein of phage Pf3, a 44 amino
acid protein with a single TM domain. When expressed in E. coli, the
N-terminus of Pf3 coat is translocated to the periplasmic space. This
reaction depends upon the presence of YidC, but not the SecYEG
translocase, and involves an interaction between YidC and the coat
protein TM domain [111]. Furthermore, membrane insertion of Pf3
coat protein can be reconstituted in vitro in proteoliposomes contain-
ing only puriﬁed YidC [112]. These experiments demonstrate that
YidC alone can catalyze the post-translational translocation of
hydrophilic coat protein residues through the lipid bilayer and the
insertion of the TM domain although other factors are likely to
increase the efﬁciency of the reaction in vivo. Interestingly, a recent
low-resolution structure of E. coli YidC obtained by electron
cryomicroscopy of 2-dimensional crystals revealed an area of low
electron density that has been proposed to be a pore, in its closed
state, that could play a role in the translocation ormembrane insertion
of substrate protein domains [27].
YidC is an essential E. coli protein since depletion of YidC leads to a
growth arrest and defects in the assembly of Sec-independent inner-
membrane proteins [108]. Interestingly, despite the fact that the
SecYEG translocase functions together with a portion of YidC, deple-
tion of YidC does not greatly affect the assembly of the majority of
inner-membrane proteins whose insertion is Sec-dependent. An
examination of the physiology of cells undergoing YidC depletion
revealed that they exhibited a stress response that was caused by the
loss of proton motive force across the inner membrane, and that the
loss of membrane potential is the cause of lethality [113]. In parallel
with the phenotype of S. cerevisiae oxa1mutants, these YidC depleted
cells exhibited a marked reduction in the activities of cytochrome
bo oxidase (the E. coli enzyme homologous to mitochondrial
cytochrome c oxidase) and the ATP synthase. Targets for YidC include
the CyoA subunit of the cytochrome bo oxidase, similar to mitochon-
drial Cox2 [114,115], and the subunit c of ATP synthase, similar to
mitochondrial Atp9 [116,117]. The role of the TM domains of YidC has
been highlighted by mutagenesis studies showing the importance of
the third domain (TM2 on Fig. 1) for membrane protein insertion
[25,118].
The role of YidC in membrane insertion of the CyoA subunit of
E. coli cytochrome bo oxidase has been examined in detail [114,115].
Insertion of the CyoA TM domains, and translocation of its hydrophilic
periplasmic domains is strictly dependent upon YidC. However, while
insertion of the ﬁrst TM domain and translocation of the ﬁrst
periplasmic domain required only YidC, insertion of the second TMdomain and translocation of the C-terminal periplasmic domain was
also dependent upon the Sec translocase. Thus, as previously found for
mitochondrial Cox2 [72], distinct mechanisms are required to
translocate distinct domains of CyoA. Interestingly, while YidC was
required to translocate the C-terminal periplasmic domain of intact
CyoA, it was not required for Sec-dependent translocation of a
truncated form of CyoA consisting of only the second TM domain and
the C-terminal periplasmic domain [114]. Thus, it appears that the
absence of C-tail translocation of the intact protein in the absence of
YidC may be an indirect effect caused by the failure of N-tail
translocation. A detailed biochemical study of these translocation
processes should be feasible since the insertion of CyoA can be
reconstituted in vitro in proteoliposomes containing only puriﬁed
YidC, SecYEG, and SecA [119]. These recent results on CyoA yield a
picture strikingly similar to the translocation of the N-tail and C-tail of
mitochondrial Cox2 in S. cerevisiae, yet intriguingly different. Whereas
it is likely, in view of the data on YidC activity, that Cox18 is a true
translocase for the C-terminal domain, Oxa1 may be only indirectly
involved in this step. However, export of the Cox2 C-tail domain alone
has not been tested in mitochondria.
The similarities of YidC, Oxa1, and Cox18 activities in the assembly
of the respiratory chain complexes have been thoroughly underscored
by studies of in vivo complementation. Chimeric proteins consisting of
the E. coli YidC signal sequence and N-terminal periplasmic domain
fused to either Oxa1 or Cox18 from S. cerevisiaewere able to carry out
the essential Sec-independent functions of YidC when expressed in
E. coli, allowing growth of cells depleted of wild-type YidC [120,121].
Thus, the independent functions of this family of translocase proteins
important for respiratory complex assembly have been highly con-
served in both bacteria and mitochondria. However, as one might
expect, neither of these chimeric proteins were able to carry out the
functional interactions with the SecYEG translocase normally
observed for wild-type YidC.
In addition YidC TM domains can also carry out the translocase
functions necessary for respiratory chain assembly in S. cerevisiae
mitochondria [60]. This was established by constructing a chimeric
protein in which the mitochondrial targeting signal and N-terminal
IMS domain of Oxa1 was fused to the core six TM domains of YidC,
deleting the long N-terminal periplasmic YidC domain (see Fig.1). This
modiﬁed YidC protein was able to partially complement the respira-
tory growth phenotype of a cox18 deletionmutant, and thusmust have
been able to translocate the C-tail domain of Cox2. Whether this
chimeric protein's ability to translocate the C-tail domain was depen-
dent upon the partner proteinMss2,whichnormallyworkswith Cox18
and may function to deliver the Cox2 substrate to it, was not tested.
This same chimeric proteinwas unable to complement the respiratory
growth phenotype of an oxa1 mutant. However, the addition to this
chimeric YidC construct of the matrix localized C-terminal domain of
Oxa1, which appears to mediate an interaction between Oxa1 and the
mitochondrial ribosome, allowed it to partially compensate for the
absence of wild-type Oxa1. This ﬁnding is consistent with the idea that
ribosome binding by Oxa1 is important for substrate delivery to its
translocase domain. Interestingly, the addition of the matrix localized
Oxa1 C-terminal domain to the YidC fusionprotein destroyed its ability
to carry out the Cox18 function. While this effect could have many
causes, it is consistentwith the likelihood that the Cox18 substrate (the
Cox2 C-tail) may be translocated post-translationally [75].
9. Conclusions
The wide phylogenetic distribution of Oxa1-related proteins
appears to reﬂect both the central role of assembling energy-
transducing membrane complexes, and the range of roles in their
assembly that Oxa1-related proteins can be adapted to. In different
species, Oxa1 and its isoforms appear to assist in the assembly of
several different substrate proteins. Recent work on the bacterial
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a translocase for hydrophilic domains and an insertase for TMdomains.
Thus it is highly likely that the eukaryoticmembers of this family found
in mitochondria and chloroplasts directly catalyze these reactions in a
co- and/or post-translational way. It is presently unclear how Oxa1
recognizes its substrates and whether additional factors assist in this,
beyond its direct interaction with mitochondrial ribosomes, demon-
strated in S. cerevisiae. Given the apparent co-translational nature of
in vivoOxa1 dependent translocation of the Cox2N-terminal domain, a
detailedmechanistic study of thismost critical Oxa1 functionwill need
to await the development of a true in vitro translation system derived
from themitochondrialmatrix and innermembrane. However, Oxa1 is
also able to assist post-translational insertion and translocation in
isolated mitochondria and Cox18 may post-translationally translocate
both in vivo and in vitro its only known substrate, the Cox2 C-terminal
domain. Thus, biochemical analysis of some of these functions in
proteoliposomes may already be possible, taking advantage of the
wide variety of mutant forms of S. cerevisiae Oxa1, to examine distinct
activities of the protein. It is clear that interpretation of all genetic and
biochemical data on Oxa1 and Cox18 will be far more robust when the
structure of both proteins in the membrane is determined.
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